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The accommodation of nitrogen-fixing rhizobium bacteria inside plant cells requires reprogramming of root
cortex cells by rhizobial signals. In this issue of Cell Host & Microbe, Singh et al. (2014) reveal that CYCLOPS,
representing a novel class of transcription factors, links rhizobium-induced calcium signaling to reprogram-
ming of root cortex cells.In plants, intracellularly hosted bacteria
are exceptional, and in contrast to ani-
mals, intracellularly hosted pathogenic
bacteria are not known. Exceptions are
symbiotic bacteria that reduce atmo-
spheric nitrogen within organelle-like
structures inside plant cells. However,
this intracellular accommodation requires
the formation of a complete new organ,
the root nodule. The best-studied N2-
fixing root nodules are those of legumes
that are formed during an interaction
with rhizobium bacteria. In such legume
nodules, specialized cells are present
that can contain thousands of bacteria,
and these are always surrounded by a
plant membrane that forms a symbiotic
interface (Figure 1).
Legume root nodules are formed from
fully differentiated root cortical cells.
These are mitotically reactivated to form
a nodule primordium that develops into
a nodule. The interaction of rhizobium
and legume plants starts at the root
epidermis, where an infection process is
initiated. In legumes like Lotus andMedicago, this involves the formation of
a tube-like structure (infection thread)
that is bound by a plant membrane and
cell wall. These infection threads are initi-
ated in curled root hairs, and they grow to
the nodule primordia where rhizobia are
released into the cytoplasm of nodule
cells. Lotus plants with the CYCLOPS
gene mutated are arrested after root
hairs are curled and the rhizobia have
formed a colony in the curl (Figure 1).
These structures resemble a one-eyed
Cyclops, and hence the name (Yano
et al., 2008).
Nodule organogenesis as well as
the infection process is triggered by
specific lipochito-oligosaccharides (Nod
factors) that are secreted by rhizobia.
These Nod factors activate a symbiotic
signaling pathway that includes a cal-
cium- and calmodulin-dependent kinase
(CCaMK) as an essential and central
component. CCaMK is activated by
Nod factor-induced calcium oscillations
in the nucleus (Oldroyd, 2013). Through
the use of gain-of-function mutants, ithas been shown that the activation
of CCaMK in Lotus is sufficient to
trigger nodule organogenesis and even
allows Nod factor-independent intracel-
lular accommodation of rhizobia (Madsen
et al., 2010).
HowCCaMK triggers transcriptional re-
sponses that control these processes has
so far remained unclear. Several tran-
scription factors have been identified
that function immediately downstream of
CCaMK. These include two GRAS-type
transcription factors, NSP1 and NSP2,
that are essential for nodule organogen-
esis and are considered to be primary
regulators of Nod factor-induced gene
expression. However, the mechanism by
which NSPs are activated has remained
unclear, as they are not a direct target of
CCaMK. Another transcription factor that
is essential for nodule organogenesis is
NIN, which is transcriptionally regulated
by Nod factor signaling.
The work of Singh et al. (2014) pub-
lished in this issue of Cell Host & Microbe
helps to close this gap between activationFebruary 12, 2014 ª2014 Elsevier Inc. 127
Figure 1. Model Summarizing the Central Role of the CCaMK-CYCLOPS-NIN Transcriptional Cascade
See main text for details. CYCLOPS is important for: (1) Infection thread formation in the root hair curl; images represent a tubular (WT) infection thread and an
infection event arrested at the microcolony stage inside a curled root hair of the Medicago cyclops/ipd3 mutant. Rhizobia expressing GFP are visible in green.
(2) Nodule organogenesis; image depicting a wild-type Medicago nodule. (3) Intracellular accommodation of rhizobia as N2-fixing organelles called symbio-
somes. Confocal image showing cells in the central tissue of the nodule, almost completely filled with (GFP-expressing) rhizobium bacteria.
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Previewsof CCaMK and transcriptional activity. It is
shown that CYCLOPS, a nuclear coiled-
coil protein, is a target of CCaMK and
represents a novel class of transcription
factors that induces NIN.
It is shown that CYCLOPS is phos-
phorylated by CCaMK at five serines, of
which two are essential for symbiosis.
When phosphorylated, CYCLOPS is
turned into an active transcription factor
that binds to the NIN promoter in a
sequence-specific manner, and phos-
phorylated CYCLOPS is sufficient to
induce NIN expression. A phosphomi-
metic CYCLOPS mutant where the two
essential serine residues are replaced by
aspartate results in an autoactive tran-
scription factor whose expression in
Lotus is sufficient to trigger nodule for-128 Cell Host & Microbe 15, February 12, 201mation in the absence of bacteria. The
ability of autoactive CYCLOPS to induce
NIN and to trigger nodule formation is
consistent with the formation of nodule-
like structures upon overexpression of
NIN in Lotus and its essential role
in nodule organogenesis. NIN in turn
activates CCAAT-box binding transcrip-
tion factors that control organogenesis
(Soyano et al., 2013).
An intriguing finding of Singh et al.
(2014) is that the NSPs are not required
for CYCLOPS-induced NIN expression,
whereas they are indispensable for
CYCLOPS-induced nodule organogen-
esis. This finding raises questions con-
cerning the role of NSPs and NIN in Nod
factor-induced signaling. Singh et al.
(2014) conclude that the NSPs are active4 ª2014 Elsevier Inc.downstream of NIN or in an alternative
pathway.
However, a role of NSPs downstream
of NIN is difficult to reconcile with the
more severe phenotype of nsp mutants
compared to nin. The idea that NSPs are
involved in an alternative pathway would
have major implications for their involve-
ment in the Nod factor signaling cascade
of which they are considered to be an in-
tegral part (Oldroyd, 2013). This putative
alternative pathway is not regulated by
the autoactive CYCLOPS, which implies
that it is active in the absence of symbiotic
signaling. In other words, this hypothesis
implicates that NSPs are not activated
by Nod factor signaling. Consistent with
this idea, the NSPs are constitutively
expressed. Further, they are active
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Previewstranscription factors in nonsymbiotic con-
ditions in Medicago, as well as in
nonlegume plants, where NSPs are key
regulators of strigolactone biosynthesis
(Liu et al., 2011). The putative alternative
pathway could be involved in creating
permissive conditions in the root for
nodule organogenesis. Although strigo-
lactones have a role in nodule initiation,
their block of synthesis in pea has only a
relatively mild (50% reduction) effect
on nodule formation, and this cannot
explain the severe effect of the NSP KO
mutations on nodulation. Therefore, in
case the NSPs are essential to create
nodule organogenesis permissive condi-
tions, they must be involved in additional
nonsymbiotic processes. A more direct
role of the NSPs in nodulation is still
probable, since previous studies have
shown that NSPs are required for NIN in-
duction during nodulation and NSP1 has
been found to bind to the NIN promoter
in an NSP2-dependent sequence-spe-
cific manner in Medicago (Hirsch et al.,
2009). However. if they act in concert
with other transcriptional regulators, Nod
factor signaling need not necessarily
directly regulate NSP activity. The recent
identification of a MYB coiled-coil tran-
scription factor interacting with Lotus
NSP2 supports this idea (Kang et al.,
2014). So the study of Singh et al. (2014)
creates an interesting conundrum con-
cerning the role of NSPs in nodulation.
This complexity might be caused by
multifunctionality of the NSPs and the
involvement of multiple steps that occur
at different location and time points in
the nodulation/infection process.
The study of Singh et al. (2014) is espe-
cially focused on the role of CYCLOPS in
inducing nodule organogenesis. Former
studies on Lotus and theMedicago ortho-
log of CYCLOPS (IPD3) show that
CYCLOPS/IPD3 is also a key regulator in
two other major steps of rhizobial infec-
tion (Ovchinnikova et al., 2011), namely
the start of infection thread formation in
curled root hairs and the release of
rhizobia in nodule cells to form N2-fixing
organelles. Therefore, transcriptional cas-cades similar to those identified by Singh
et al. (2014) might play a role in these pro-
cesses as well. This is supported by the
involvement of a primary target of NIN, a
pectate lyase, in infection thread forma-
tion (Xie et al., 2012). Whether NIN plays
a role in release of rhizobia in nodule cells
is not known. This leads us to propose
the model summarized in Figure 1 and
detailed below.
Ectopic expression of autoactive
CYCLOPS is sufficient to trigger nodule
organogenesis, indicating that CYCLOPS
is a key regulator of this process.
CYCLOPS shares this property with
the calcium-spiking-regulated kinase,
CCaMK,whichphosphorylatesCYCLOPS
and promotes induction of NIN expres-
sion. However, mutants deficient in these
genes show a major difference, as no
responses can be induced by Nod fac-
tors in ccamk (CCaMK-deficient) plants,
whereas in cyclops (CYCLOPS-deficient)
plants, Nod factor induces phenotypes
that include root hair curling as well as
cortical cell divisions. This implies that
CCaMK must have other, yet unknown,
targets (X) that contribute to the different
steps in nodule formation. NSPs are
essential for most of these steps. How-
ever, it is unlikely that NSPs are directly
regulated by Nod factor signaling, as they
are already active under nonsymbiotic
conditions. They can be involved in nodu-
lation by creating nodulation permissive
conditions and by regulating genes
required for nodulation in concert with
other transcription factors. NIN has a
dual function. It is involved in infection
thread formation via the induction of a
pectate lyase. Further, it triggers organo-
genesis, which involves the activation of
CCAAT-box binding transcription factors.
Within nodules, CYCLOPS has a third
important function, which is the controlled
release of rhizobia from infection threads
to form N2-fixing organelles, called sym-
biosomes. Whether this process depends
on the same transcriptional cascade in-
volving NIN remains to be examined.
It has become clear that Nod factor
signaling controls multiple steps in theCell Host & Microbe 15,nodulation process, involving different
cell types and integrating various cues.
Such multifaceted control requires a
complex interplay between various tran-
scription factors, with a central role for
the CCaMK-CYCLOPS-NIN transcrip-
tional module identified by Singh et al.
(2014). Unraveling the gene regulatory
networks active in different cell types
and at various developmental stages of
nodulation will be a major challenge for
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